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ABSTRACT The effects of different cations on the hydrodynamic radius (RH) of a 48-bp synthetic DNA are measured by
time-resolved fluorescence polarization anisotropy of intercalated ethidium. Relative statistical errors in RH are only -1%. With
increasing cation concentration, Na+ causes a small decrease in RH, Cs+ causes a somewhat larger decrease by up to 0.5 A
at 100 mM, and (CH3CH2)4N+ causes an increase in RH by -0.5 A at 100 mM. The qualitatively different effects of these
monovalent cations indicates that the changes in RH with cation concentration do not arise primarily from electrolyte friction.
Divalent cations cause much larger increases in RH with increasing cation concentration. Mg2+ causes an increase in RH by up
to 1.0 A at 24.4 mM, and Mn2+ causes an increase in RH by up to 1.6 A at 24.4 mM. These effects are independent of DNA
concentration. There is some positive correlation between the order of effects of the different cations on RH and the order of
their effects on interhelical hydration forces. It is suggested that these different ions affect RH either by altering the hydration
layer or possibly by some effect on DNA structure, such as stabilizing bends.
INTRODUCTION
In principle, counterions could affect the rotational dynamics
of DNA in any of three ways. They might significantly en-
hance the rotational friction factor via fluctuating interionic
forces in a manner analogous to electrolyte friction (Schurr,
1980; Schurr and Schmitz, 1986; Schmitz, 1993); they might
affect the hydrodynamic radius (RH) directly by altering the
hydration layer of the DNA; or they might alter the structure
of the DNA in some way that affects its RH, for example, by
stabilizing bends in the molecule. Electrolyte friction would
be expected to depend on the valence, but not the kind of
counterion, whereas alterations to either the hydration layer
or DNA structure would be expected to be quite sensitive to
cation type.
Evidence for substantial "hydration" forces of significant
range between DNA molecules comes from osmotic com-
pression studies in which the interhelical spacing of hex-
agonal arrays were measured as a function of osmotic pres-
sure (Rau and Parsegian, 1984, 1992; Podgornik et al., 1989;
Leikin et al., 1991). The results indicate remarkably large
variations in the force versus distance curves with changes
in counterion type. There are significant differences in the
force versus distance curves not only between monovalent
and divalent cations, but also between different divalent cat-
ions and between different monovalent cations. Among
monovalent ions, the hydration forces at close distances in-
crease in the order F(Na+) < F(Cs+) < F((CH3)4N+) s F
((CH3CH2)4N+). For the divalent ions, F(Mn21) > F(Mg2+)
at short distances below the condensation transition induced
by Mn2+, and F(Mn21) < F(Mg2+) at long distances beyond
that transition. The question arises whether there is any cor-
relation between the effects of these cations on the strength
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of interhelix hydration forces at short distances and the
effects of these same ions on the RH of DNA in solution.
Raman spectra of concentrated calf-thymus DNA samples
in the presence of 100-mM concentrations of different di-
valent cations showed significant variations with cation type
(Duguid et al., 1993). Such information suggests that diva-
lent cations do actually perturb the DNA structure, al-
though the extent of the perturbation is difficult to assess
quantitatively.
Until now there have appeared no reports regarding the
effects of different cations on the RH of DNA. We describe
herein measurements of the RH of a 48-bp synthetic DNA by
fluorescence polarization anisotropy (FPA) of intercalated
ethidium. For a DNA of such high axial ratio this technique
is sensitive primarily to azimuthal rotation around the helix-
axis.
THEORY
Model of DNA motion
A DNA composed ofN + 1 bp is regarded as a linear array
of N+ 1 disks each with height h = 3.4 A and an RH value.
Each disk is connected to its neighbor(s) on either side by
Hookean torsion and bending springs. The bending spring
constant is chosen to yield our current best guess for the
dynamic persistence length, namely P = 1500 A (Allison et
al., 1989; Song and Schurr, 1990; Fujimoto and Schurr, 1990;
Hustedt et al., 1993; Schurr et al., 1992). The torsion spring
constant between base pairs is taken to be a = 5.4 X 10-12
dyne cm, which is intermediate between the values (deter-
mined by assuming P = 1500 A) appropriate for ordinary
linear DNAs (a = 4.7 x 10-12 dyne cm) and for linearized
pUC8 DNA (a = 5.8 x 10-12 dyne cm) in 0.1 M NaCl
(Fujimoto and Schurr, 1990; Schurr et al., 1992). For the
present 48-bp DNA, the extracted value of the RH is only
weakly dependent on the assumed values of P and a, pro-
vided they are not absurdly high or low.
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The diffusion coefficients for the rigid-body rotations
around the symmetry and transverse axes, (Di, and D1, re-
spectively), are calculated using the results of Tirado and
Garcia de la Torre (1980) as summarized by Eimer et al.
(1990). In particular,
Di = 3kBT(lnp + 81 )/in1L3 (1)
Di, = kBT/[(3.814)'r-qLR'i(1 + 811)] (2)
where kBT is thermal energy, q is viscosity, L is the contour
length, p = L/(2RH) is the axial ratio, and &j and 81, are
end-plate corrections that are given in terms ofp by
81 = - 0.662 + (0.917/p) - (0.050/p2) (3)
8I= 1.119 X 10-4 + (0.6884/p) - (0.2019/p2) (4)
The intercalation of an ethidium dye molecule is assumed
to increase the contour length by 2.7 A (Hogan et al., 1979)
and to increase the number of "base-pair" subunits and twist-
ing and bending springs by 1. The additional springs are
taken to exhibit the same torsion and bending constants as
those between base pairs (Wu et al., 1991; Schurr et al., 1992;
Smith et al., 1992).
around any single transverse axis. TheAF factor inferred from
the best-fit initial anisotropy in this work is similar to the AF
factors observed for much longer DNAs, so the amplitude of
dye-wobble is evidently comparable. The quantities I., C(t)
and F.(t) are described below.
The In are geometric factors, I0 = 0.25(3 cos2E-1)2, I, =
3 sin2E COS2 E I2 = 0.75 sin4E, where E is the polar angle
between the local symmetry axis and the equilibrium ori-
entation of the transition dipole (Schurr, 1984; Schurr and
Fujimoto, 1988; Schurr et al., 1992).
The twisting correlation functions are given by (Allison
and Schurr, 1979; Schurr, 1984)
N+I N+I1
Cn(t) = (N+ 1)- exp -n I d2eQ2 (1- eXp(-t/T
m=l f=2
exp[-n2DIlt]
where
Te = y/(4a sin2[( - 1)wr/(2(N + 1))])
is the relaxation time of the eth torsion normal mode,
de = kBT/(4a sin2[(1- e)irl(2(N + 1))])
(6)
(7)
(8)
FPA
The results obtained from FPA experiments on such a short
DNA depend only very weakly on dynamical details of either
the rapid local motions of the dye or the twisting and bending
normal modes. However, the amplitudes of those rapid mo-
tions have a significant effect. The ethidium probe dye un-
dergoes a rapid libration of small amplitude in its binding site
(Magde et al., 1983; Shibata et al., 1985; Schurr et al., 1992).
Our most recent measurements on a much longer DNA in-
dicate a relaxation time, Tin, C 60 ps (unpublished results).
If libration of the transition dipole is assumed to take place
in an isotropic harmonic deflection potential around two or-
thogonal axes, then its root-mean-square (rms) amplitude
around each axis is estimated to be -7°. After this rapid
isotropic dye-wobble has relaxed, the emission anisotropy
can be written as (Schurr and Fujimoto, 1988; Schurr et al.,
1992)
- IIJ(t) -11 (t) 2
r(t)
_(t) (t = rO7 In Cn(t)Fn(t) (5)
where 111(t) and I,(t) are the fluorescence intensities with
polarizations parallel and perpendicular, respectively, to that
of an infinitesimally short exciting pulse. The initial anisot-
ropy, ro = (2/5)AF, contains the amplitude reduction factor
AF = (P2(COS 13))2, where ,B is the angle between the transition
dipole and its minimum-energy orientation. The amplitude
reduction factor is the fraction of the correlation function that
is not relaxed by the local rotational motion of the dye mol-
ecule. For small rms amplitudes of libration in an isotropic
deflection potential AF = 1 - 6o2, where M2 is the mean
squared amplitude of local rotation of the transition dipole
is its mean-squared amplitude,
Qme = (2/(N + l))1t cos[(m - 1/2)(( - 1)-ni(N + 1)]
t $ 1
is the projection of the fth normal mode onto the mth subunit,
and
y = kBT/(DI(N + 1)) (10)
is the friction factor/bp for rotation around the symmetry
axis.
The tumbling correlation functions are given by the fol-
lowing modification of the result of Barkley and Zimm
(1979):
Fn(t) = exp -(6 - n2)D t - (6 -n'An
kmax
-(1-exp(-t/Tk))/(2k + 1)2
k=J
where
kmax
An= -ln(Dn(oo))/exp (6 - n2) 1/(2k+ 1)21.
k=1
The bending relaxation times are given by
kBTPK~4 K_R1/Tk K41T71 LKO(KkRH) + (K2 )K1(KkRH)1,
k= 1,2,...
(11)
(12)
(13)
where Kk = (2k + 1)-n/2L, P is the (dynamic) persistence
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length, KO(X) and K1(X) are modified Bessel functions, and
D.(oo) is defined in Eq. 15 below. These equations and the
reasons for the modifications have been described previously
(Schurr et al., 1993; Nuutero et al., 1994). For this work, we
choose km. = 10. The k = 10 mode only contributes -1%
of the total bending amplitude, so our results should not be
affected by excluding modes of larger k from the sum. The
particular modification of the BZ result in Eq. 11 is simply
designed to enforce a smooth relaxation (with the approxi-
mately valid BZ relaxation times and relative amplitudes of
the longer modes) from 1.0 at zero time to the known correct
result at long times (Wu et al., 1987; Schurr et al., 1992)
Fn (t) = Dn(oo)exp[ - (6 - n2)D1 t], (14)
where
Dn(o) = (Zn)"12 exp(Zn/3)(wr1/2/2)erf(Zl'2) (15)
and Zn = (6 - n2) L/4P. The important feature of Fn(t) is not
the dynamics of the bending deformations, which are treated
only very approximately, but their amplitude reduction after
the bending modes have all relaxed, which is given accu-
rately by Dn(oo) in Eq. 15. For P = 1500 A, RH=10.7A,
L = (48)(3.4) + 2.7 = 165.9 A, T = 293 K, and 71 = 0.01002
poise, one finds T1 = 1.8 ns, and D0(oo) = 0.90. Hence, the
bending deformations relax so quickly that their dynamics
have little influence on the best fit RH. Because of the large
assumed dynamic persistence length, bending deformations
contribute only a small reduction of the total amplitude.
When the experimental FPA data are fitted using Eq. 5,
there are only two adjustable parameters, namely ro and RH.
For each trial value of RH used in the fit, D1 and DI, can be
calculated by Eqs. 1 and 2, respectively. These quantities
together with the assumed a = 5.4 X 10-12 dyne cm and
P = 1500 A allow the calculation of CP(t) and Fn(t) at all
times.
MATERIALS AND METHODS
DNA sample and buffers
A nonself-complementary 48-bp DNA with the sequence shown below was
synthesized by standard solid phase phosphite triester techniques on an
Applied Biosystems 380A DNA synthesizer: 5' GCCGTCGGCGACGC-
TCGCGGCAGGCCAGCGGTCGCGCAGCGGCTCGGC After deprotec-
tion, the two oligonucleotides were ethanol-precipitated twice and then
chromatographed on a Sephadex G-50 column in deionized water. Selected
fractions were run on a denaturing 20% polyacrylamide gel containing 7 M
urea. Fractions with a minimum of failure sequences were pooled and ly-
ophilized. Approximately equal amounts of the complementary sequences
were combined and dialyzed against 400 mM NaCl, 50 mM Tris, 50 mM
Na2EDTA, pH 8.5. The sample was then annealed by placing it in an Ep-
pendorf tube, which was floated on top of 2 liters of 60°C water in a beaker.
The beaker was placed in an ice bucket, covered, and left to anneal for
8 to 12 h. The annealed double-strand molecules were separated from any
remaining single-strand species by chromatography using a hydroxylapatite
column (Bio-Rad Laboratories, Chicago, IL) and eluted with a sodium phos-
phate (pH 6.8) gradient from 10 mM to 500 mM. Selected fractions were
run on a nondenaturing 12% polyacrylamide gel. Those fractions that
showed only double-strand DNA were pooled, lyophilized, and then dia-
lyzed against 100 mM NaCl, 10 mM Tris, 1 mM Na2EDTA, pH 7.5. This
solution was used as the stock solution for the experiments.
Unless otherwise specified, all solutions contained 450-500 ,ug/ml of
the DNA, 20 mM NaCl, 10 mM Tris, 0.2 mM Na2EDTA, pH 7.5 at 20°C
plus the indicated amount of added salt. The salt concentration was varied
by adding a small amount of a 1 M solution to the fluorescence sample.
The concentrations of the other buffer salts were kept constant to within
2.5% by adding appropriate amounts of concentrated solutions of the
buffer salts. Magnesium chloride 6-hydrate, manganous chloride, sodium
chloride, and the disodium salt of EDTA were purchased from J. T.
Baker, Inc. (Phillipsburg, NJ). Cesium chloride was purchased from BRL.
Tetraethylammonium acetate tetrahydrate was purchased from Aldrich
Chemical Co. (Milwaukee, WI). Tris base was purchased from Sigma
Chemical Co. (St. Louis, MO). All chemicals were used without further
purification.
Fluorescence measurements
Time-resolved fluorescence measurements of intercalated ethidium were
made using the single-photon-counting system described earlier (Schurr et
al., 1992). The dye laser produced pulses with a full width at half-maximum
of <20 ps. For samples containing 450-500 jig/ml DNA, ethidium bromide
was added to a concentration of 1 dye molecule/1000 bp. For samples con-
taining 50 ,ug/ml DNA, ethidium bromide was added to a concentration of
1 dye molecule/500 bp. The dye was excited at 575 nm and the fluorescence
was detected at 630 nm.
The experimental sum (s(t) = II(t) + 2 IL(t)) and difference (d(t) =
II4(t) - IL(t)) curves are convolutions ofthe true sum and difference responses
(S(t) and D(t), respectively), with the instrument response function e(t):
s(t)= dt'e(t')S(t -t')
d(t) = dt'e(t')D(t - t')
(16)
(17)
The data were fitted using a convolute-and-compare approach based on
the Marquardt algorithm to minimize the sum of squares of residual dif-
ferences. Excitation data (light scattered from a dilute solution of poly-
styrene latex spheres) were collected both before and after the fluorescence
data. The two sets of excitation data were added together and used as the
instrument function.
Errors
Several different kinds of errors are encountered in the determination ofRH,
not all of which are relevant to the conclusions of the present paper.
1) Statistical errors (orR) that arise in fitting a single data set are obtained
by standard linearized error-propagation rules. The relative single-data-set
statistical errors (o'RH/RH) typically lie in the range 0.1 to 0.3%. Such sta-
tistical errors are much smaller than the variations in best-fit RH from one
data set to the next, and consequently are discounted as meaningless. 2)
Several (four in this case) different data sets acquired in succession are fitted
separately, whereupon the average value and standard deviation (a.) of the
resulting best-fitRH values are calculated in the usual way. The value of o,RH
computed in this way is referred to as the reproducibility error. Typically,
the relative reproducibility error (oRH/RH) of these measurements is -1%.
This is the most meaningful estimate of the statistical precision of the present
measurements. 3) Another kind of reproducibility error is obtained by com-
paring best-fitRH values from measurements on one day with those obtained
from measurements on the same sample a week or two later. These time-
lagged reproducibility errors are comparable to those in (2) above. This
indicates that any systematic effects of temporal drift in instrument per-
formance or in sample quality on RH are practically negligible. 4) Yet an-
other kind of reproducibility error is obtained by comparing best-fit RH
values for one DNA sample with those for a separately synthesized and
purified DNA sample. All of the measurements described here pertain to the
same DNA sample; consequently, such sample-to-sample reproducibility
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errors do not affect the precision of the present results. However, obser-
vations on other samples indicate that systematic sample-to-sample varia-
tions might occur. Possible origins of such variations will be discussed in
subsequent work.
The extremely high precision implied by the 1% reproducibility errors
(for this single sample) arises in part because RH varies as the square root
of the pertinent rotational relaxation time that is directly monitored by these
experiments. Relative errors in the latter quantity are actually -2%.
Systematic errors inRH arise from the sample-to-sample variability noted
above, and also from any errors in the assumed model and its input pa-
rameters, such as the rise/bp h, the torsion constant a, and dynamic per-
sistence length P. Such systematic errors may well affect the absolute values
of RH, but do not affect the relative variations of RH with concentration of
different ions, which are the main objective of this work. In fact, the relative
variation ofRH with Mg2+ concentration was measured three different times
on two different DNA samples and was reproduced to within 1% each time.
Thus, the observed 15% relative variation of RH with Mn21 far exceeds the
relative reproducibility errors of these measurements.
RESULTS
The RH of our DNA was measured in 100 mM NaCl, 10 mM
Tris, 1 mM Na2EDTA, and also in 20mM NaCl, 10mM Tris,
0.2 mM Na2EDTA (pH 7.5 and 200 for both samples). The
results were RH = 10.4 A for the 100 mM NaCl solution and
RH= 10.7 A for the 20 mM NaCl solution. Before measuring
the effect of a particular cation on the RH of a given sample,
a measurement was always made in 20 mM NaCl, 10 mM
Tris, 0.2 mM Na2EDTA pH 7.5 at 20°C. A total of five such
determinations, each consisting of 4-12 individual measure-
ments, were made on different DNA samples under these
conditions. The values ofRH obtained were all between 10.6
and 10.8 A. Of the more than 100 individual fits of difference
data that were performed during this study, fewer than 10%
had reduced x >1.10, and none had reduced x2 >1.20.
The results of our FPA measurements are summarized in
Fig. 1. Among the monovalent cations examined, Na+ has the
smallest effect on RH, causing only a slight decrease. Cs+
causes a slightly larger decrease in RH amounting to -0.5 A
13.0
12.5
.i
cc
0
12.0 V
11.5
11.0
10.5
10.0
0 20 40 60
Cation Concentration (mM)
FIGURE 1 RH as a function of salt concentration for fiv
A, CsCl; X, NaCl; O, tetraethylammonium acetate; +, M
With the exception of the NaCl sample, all samples coI
,ug/ml of the DNA, 20 mM NaCl, 10 mM Tris, 0.2 mM N
at 20°C in addition to the indicated amount of salt. Th
contained 10 mM Tris, 0.2 mM Na2EDTA, pH 7.5 at 20°
mM or 100 mM NaCl. All the error bars are approximate]
so for clarity only one is drawn. The error range represer
at 100 mM concentration. Tetraethylammonium acetate
causes an increase inRH by -0.5 A at 100mM concentration.
Inasmuch as the relative standard deviations in RH measure-
ments are -1%, these -5% relative changes in RH are sta-
tistically quite significant. In contrast, the two divalent cat-
ions both cause substantially larger increases in RH by -1.0
A in the case of Mg2+ and by -1.6 A in the case of Mn2+.
The increase in apparent RH caused by Mg2+ and Mn2+
does not appear to be caused by aggregation. This was tested
by measuring the apparentRH in solutions containing 25 mM
of the chloride salt of either divalent cation with each of two
different DNA concentrations, namely 500 ,tg/ml and 50
jig/ml. Despite the 10-fold change in DNA concentration,
there is no significant change in the measured RH for either
MgCl2 or MnCl2. Given that the extent of any aggregation
and its consequent effect on RH should be very sensitive to
DNA concentration, we conclude that aggregation cannot be
the cause of the substantial increases in RH with Mg2+ or
Mn2+ concentration.
The increase inRH does not appear to be caused by any sort
of damage to the DNA. In such a case, the RH of a solution
with a low Mg2+ or Mn2+ concentration would be expected
to increase slowly over time and approach that of a solution
with a higher concentration of the divalent cation at an earlier
time. We prepared two samples containing 500 ,ug/ml of
DNA, one with 1 mM MgCl2 and one with 1 mM MnCl2.
Two sets of measurements were made on each sample 18
days apart. The samples were stored at 5°C between mea-
surements. The initial values of RH were 10.7 ± 0.2 A and
11.0 ± 0.3 A for 1 mM MgCl2 and 1 mM MnCl2, respec-
tively. After 18 days, the measured values of RH were
10.8 ± 0.1 A and 11.1 + 0.1 A, respectively (error ranges
are +2 SD). After these measurements were made, the origi-
nal solutions with the highest concentrations (24.4 mM) of
these two cations were remeasured. After 28 days the RH
value of the DNA sample with 24.4 mM MnCl2 had changed
from 12.4 ± 0.2 A to 12.0 ± 0.5 A, and after 23 days the
RH value of the DNA sample with 24.4 mM MgCl2 had
changed from 11.7 ± 0.3 A to 11.7 ± 0.5 A. We conclude
that these samples are stable over periods of 18 to 28 days
at either low or high concentrations of divalent cations. We
conclude that the increases in RH do not arise from damage
induced in the DNA by either Mg2+ or Mn2+.
DISCUSSION
*--------- If the counterions contributed to RH primarily via fluctuating
interionic forces, one would expect RH to depend strongly on
80 100 counterion concentration over the range 0.01 to 0.1 M, and
all counterions with the same charge should alter RH in the
ie different salts. same direction. In fact, there is very little change in RH with
[gCl2; 0, MnCl2. NaCl concentration over this range, and the changes induced
ntained 450-500 by Cs' and (CH3CH2)4N' are of opposite signs. Thus, it
1a2EDTA, pH 7.5 seems most unlikely that electrolyte friction contributes sig-
eCplusaeitherp20 nificantly to the observed changes in RH.
ly the same size, If these cations affect RH by altering the hydration layer,
nts ± 1 SD. then one might expect some correlation between the order of
-
-
.
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their effects on RH and the order of their effects on the meas-
ured hydration forces. In fact, the order of effects of the
different monovalent cations on RH, namely RH(CS+) <
RH(Na+) < RH((CH3CH2)4N+), does not exactly match the
order of their effects on hydration forces (F(Na+) < F(Cs+)
<F(CH3CH2)4N+)), but two of the three possible pairs are in
the correct order, and the difference between RH(Na+) and
RH(CS+) is rather slight, so they are close to the correct order.
The observation that RH(Mn2+) > RH(Mg2+) matches the or-
der of their interhelix repulsions at very short distances. It
thus appears that there might be some positive correlation
between the effects of different ions on RH and their effects
on short-range interhelix repulsions. The minor discrepancy
between the effects of Na+ and Cs+ on RH and their effects
on the hydration forces might be caused by the fact that
measurements of RH are performed on an isolated DNA
whose hydration layers might differ somewhat from those of
the DNAs in hexagonal arrays. The difference in behavior
between the two divalent cations is probably caused by their
different interactions with DNA. Mn2+ binds more strongly
to the bases, whereas Mg2+ binds more strongly to the phos-
phates. If the different modes of binding affect the hydration
layer of the DNA differently, this could perhaps account for
the data.
The alternative possibility that the different cations affect
RH by variously altering the DNA structure cannot be ruled
out. In such a case, the rather large changes in RH induced
by the divalent cations would very likely have to originate
from induced bends, given that otherwise rather substantial
alterations of the helix parameters would be required for
which there is presently no direct crystallographic evidence.
Although these data indicate surprisingly large effects of
certain ions on RH, they do not establish whether the effect
is caused by altered hydration or by the induction or stabi-
lization ofbends in the DNA, which would also increase both
RH and interhelix repulsions.
This work was supported in part by Grant P01-GM32681 from the National
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